Purpose Ilaprazole, the latest proton pump inhibitor, can be used with clarithromycin and amoxicillin as a triple therapy regimen for eradicating Helicobacter pylori. The aim of this study was to evaluate pharmacokinetic drug interactions and safety profiles after coadministration of clarithromycin, amoxicillin, and ilaprazole. Methods A randomised, open-label, one-way crossover, two parallel sequences study was conducted in 32 healthy subjects. In part 1, the subjects received a single dose of ilaprazole 10 mg in period 1 and clarithromycin 500 mg and amoxicillin 1000 mg twice daily for 6 days in period 2. In part 2, the subjects received clarithromycin 500 mg and amoxicillin 1000 mg once in period 1 and ilaprazole 10 mg twice daily for 6 days in period 2. In both sequences, the three drugs were coadministrated once on day 5 in period 2. Pharmacokinetic evaluations of ilaprazole (part 1), and clarithromycin and amoxicillin (part 2) were conducted. Results Twenty-eight subjects completed the study. For ilaprazole, the peak concentration (C max ) slightly decreased from 479 (ilaprazole alone) to 446 ng/mL (triple therapy) [Geometric least square mean ratio (90% confidence interval), 0.93 (0.70-1.22)]. The area under the concentration-time curve from 0 h to the last measurable concentration (AUC last ) slightly increased from 3301 to 3538 μg·h/mL [1.07 (0.85-1.35)]. For clarithromycin, the C max slightly decreased from 1.87 to 1.72 μg/mL [0.90 (0.70-1.15)], and AUC last slightly increased from 14.6 to 16.5 μg·h/mL [1.09 (0.87-1.37)]. For amoxicillin, the C max slightly decreased from 9.37 to 8.14 μg/mL [0.86 (0.74-1.01)], and AUC last slightly decreased from 27.9 to 26.7 μg·h/mL [0.98 (0.83-1.16)]. These changes in the PK parameters of each drug were not statistically significant. Conclusions The coadministration of ilaprazole, clarithromycin, and amoxicillin was tolerable and did not cause a significant PK drug interaction. Thus, a triple therapy regimen comprising ilaprazole, clarithromycin, and amoxicillin may be an option for the eradication of H. pylori.
Introduction
Peptic ulcer disease (PUD), the most common disease related to gastric acid, develops due to an imbalance of aggressive gastric luminal factors (e.g. acid and pepsin) and defensive mucosal barrier function. PUD includes both gastric and duodenal ulcers characterised by epigastric pain, fullness, bloating, early satiety, and nausea [1] . Helicobacter pylori infection is found in 60-90% of patients with peptic ulcer [2] . A strong association between H. pylori infection and PUD has been shown in epidemiological studies [3, 4] . The eradication of H. pylori was found essential for the permanent cure for peptic ulcers [3, 4] . Thus, the eradication of H. pylori has become an important factor in PUD treatment.
In addition to PUD, H. pylori is associated with many gastrointestinal diseases, such as chronic gastritis, gastric adenocarcinoma, and lymphoma. With the recognition of the clinical importance of H. pylori, numerous therapeutic regimens have been evaluated for eradication of H. pylori. Although eradication failure due to antibiotic resistance has been a concern recently, clinical guidelines recommend a clarithromycincontaining standard triple regimen as the first-line treatment for H. pylori [1, 2] . The standard triple therapy consists of proton pump inhibitors (PPIs), clarithromycin, and amoxicillin [5] , which has achieved H. pylori eradication rates of 71-80% [6, 7] . However, varying degrees of drug interactions have been observed between coadministered PPIs and antibiotics.
Clarithromycin is a potent cytochrome P450 (CYP) 3A4 inhibitor, and affects most PPIs (such as omeprazole, lansoprazole, and esomeprazole) that are metabolised by CYP3A4 [8] [9] [10] . PPIs may, in turn, alter the metabolism of concomitantly administered antibiotics via either CYP enzyme inhibition or a change in the pH-dependent solubility of the drugs [11] . It has been demonstrated that omeprazole attenuates the breakdown of acid-labile antibacterials such as amoxicillin and increases their intragastric concentrations [12] . Based on this finding, it has been speculated that PPIs may increase the bioavailability of acid-labile antibiotics.
Ilaprazole, the latest PPI developed by IL-YANG Pharmaceutical Co., Ltd. (Seoul, South Korea) and approved for the treatment of duodenal ulcers, gastric ulcers, and erosive esophagitis, has the longest half-life among PPIs [13] . Furthermore, it shows greater and prolonged suppression of gastric acid secretion even at a dose of 10 mg that is higher than that achieved with a 20-mg dose of omeprazole [14, 15] . Considering that a double dose of PPIs is superior to a single dose when used as part of triple therapy for H. pylori eradication [16] , triple therapy including ilaprazole, a more potent PPI, is expected to be effective in H. pylori eradication.
In the early period of drug development, in vitro studies reported that ilaprazole was reported from in vitro studies to be mainly metabolised by CYP3A4 among the CYP isoforms, and converted to the major metabolite, ilaprazole sulfone [17] [18] [19] . CYP2C19 has been revealed to be rarely involved in ilaprazole metabolism unlike that observed for other PPIs such as omeprazole, esomeprazole, pantoprazole, and lansoprazole [13, 19] . However, a new metabolite, ilaprazole thiol ether, formed via a non-enzymatic metabolic pathway was identified in human studies after ilaprazole administration, and even ilaprazole thiol ether was detected in large or similar amounts compared to those of ilaprazole sulfone [20, 21] . These results indicate that ilaprazole has various metabolic pathways consisting of both CYP-mediated enzymatic and non-enzymatic metabolic pathways, and the non-enzymatic pathway plays a significant role in ilaprazole metabolism. The differences in the metabolic pathway between ilaprazole and other PPIs could also cause differences in drug interactions with coadministered antibiotics for H. pylori eradication.
There has been a great demand from clinicians to use ilaprazole in H. pylori eradication therapy, but the drug interactions between ilaprazole and coadministered antibiotics in the standard triple therapy (e.g. clarithromycin and amoxicillin ) have not yet been clearly determined. In this study we evaluated the pharmacokinetic (PK) drug interaction between clarithromycin, amoxicillin, and ilaprazole intended for a triple therapy regimen for eradication of H. pylori.
Subjects and methods

Study subjects
Healthy Korean male volunteers who were aged between 19 and 50 years with a body mass index between 18.5 and 25.0 kg/m 2 were enrolled in the study. Volunteers went through the following screening procedures: taking the medical history, physical examination, 12-lead electrocardiography (ECG), and assessment of clinical laboratory parameters including haematology, blood chemistry, and urine drug screening after they voluntarily signed the informed consent form. The participants were not allowed to consume alcohol, caffeinated beverage, and grapefruit products or smoke during the study period. Any ethical drugs or herbal medicines were prohibited for 2 weeks before the study drug administration.
Study design, treatments, and administration
This was a randomised, open-label, one-way crossover, two parallel sequences study. A total of 32 subjects were randomised and assigned to one of the two parts. Subjects assigned to part 1 received a single dose of ilaprazole (Noltec Tab., IL-YANG Pharmaceutical Co.) 10 mg in the first period. Then, after a washout period of 10 days, clarithromycin (Klaricid Film Coated Tab., Abbott Korea) 500 mg and amoxicillin (Amoxicillin Cap. 500 mg Chongkundang, Chong Kun Dang Pharmaceutical Co., Korea) 1000 mg were administered twice daily for 6 days in the second period. Ilaprazole 10 mg was coadministered with clarithromycin and amoxicillin on the day 5 of the second period.
Subjects assigned to part 2 received single doses of both clarithromycin 500 mg and amoxicillin 1000 mg in the first period; after a washout period of 10 days, ilaprazole 10 mg was administered twice daily for 6 days in the second period. Clarithromycin 500 mg and amoxicillin 1000 mg were coadministered with ilaprazole on the day 5 of the second period (Fig. 1) . All study drugs were administered via the oral route, and the dosage of each drug was determined based on the results of a previous ilaprazole phase 3 study, treatment guidelines for H. pylori eradication, and labels of clarithromycin and amoxicillin [22] [23] [24] [25] [26] [27] .
The study was approved by the Institutional Review Board of Severance Hospital, Yonsei University College of Medicine, Seoul, Korea, and conducted in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice.
Blood sample collection and analysis
Serial blood samples were collected in anti-coagulated EDTA-K2 tubes at 0 (pre-dose), 1, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 8, 12, 24 , and 48 h after dosing of ilaprazole in part 1. The PK sampling points in part 2 were 0 (pre-dose), 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24 , and 48 h after dosing of clarithromycin and amoxicillin. Blood sampling points were determined considering the time to reach peak concentration (T max ) and elimination half-life (t 1/2 ) of ilaprazole, clarithromycin, and amoxicillin [9, 10, 20] . Plasma concentrations of ilaprazole, clarithromycin, and amoxicillin were analysed using liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Samples were centrifuged for 10 min under 4°C at 2000×g and stored below − 70°C until analysis.
For the analysis of ilaprazole, 100 μL of plasma was added to polypropylene tubes and mixed with 10 μL of the internal standard (omeprazole) solution and 1 mL of acetonitrile. The mixture was vortexed for 1 min and centrifuged for 5 min at 11,337×g. The supernatant (100 μL) was collected and reconstituted with 600 μL of mobile phase. The supernatant (2 μL) was then injected into an LC-MS/MS system. An LC system (Shiseido Nanospace SI-2, Shiseido, Tokyo, Japan) was used with a mobile phase (10 mM ammonium formate/acetonitrile = 50/50 [v/v]) at 40°C. Chromatographic separation was performed at a flow rate of 0.25 mL/min. The transition of ilaprazole was detected at m/z 367.0 to 184.2 by using an MS/MS system (API4000®, AB SCIEX, Washington DC, USA) in the multiple reaction monitoring (MRM) mode with a positive electrospray ionisation (ESI) source. The calibration curve was linear over the range of 5-1000 ng/mL, and the correlation coefficient (r) was > 0.995.
For the analysis of clarithromycin, 100 μL of plasma was added to polypropylene tubes and mixed with 10 μL of the internal standard (clarithromycin-N-methyl- 13 C, d 3 ) solution and 500 μL of acetonitrile. The mixture was vortexed for 1 min and centrifuged for 5 min at 11,337×g. The supernatant (50 μL) was collected and reconstituted with 1000 μL of 50% acetonitrile. The supernatant (3 μL) was then injected into the LC-MS/MS system. The LC system was used with a mobile phase (10 mM ammonium formate/acetonitrile = 20/80 [v/v]) at 40°C. Chromatographic separation was performed at a flow rate of 0.2 mL/min. The transition of clarithromycin was detected at m/z 748.4 to 590.4 using an MS/MS system (4000QTRAP, AB SCIEX, Washington DC, USA) in the MRM mode with a positive ESI source. The calibration curve was linear over the range of 10-7000 ng/mL, and the correlation coefficient (r) was > 0.995. Fig. 1 Study design. Notes: Subjects who were assigned to part 1 received ilaprazole 10 mg on day 1 of period 1 and clarithromycin 500 mg and amoxicillin 1000 mg from day 1 to day 6 of period 2 and ilaprazole 10 mg was concomitantly administered on day 5 of period 2. Subjects who were assigned to part 2 received both clarithromycin 500 mg and amoxicillin 1000 mg on day 1 of period 1 and ilaprazole 10 mg from day 1 to day 6 of period 2 and clarithromycin 500 mg and amoxicillinFor the analysis of amoxicillin, 100 μL of plasma was added to polypropylene tubes and mixed with 10 μL of internal standard (amoxicillin-d 4 ) solution and 500 μL of acetonitrile. The mixture was vortexed for 1 min and centrifuged for 5 min at 11,337×g. The supernatant (100 μL) was collected and reconstituted with 100 μL of 50% acetonitrile. The supernatant (5 μL) was injected into the LC-MS/MS system. The LC system was used with a mobile phase (deionised water/ acetonitrile/formic acid = 70:30:0.1 [v/v/v]) at 40°C. Chromatographic separation was performed at a flow rate of 0.2 mL/min. The transition of amoxicillin was detected at m/z 366.2 to 208.2 using an MS/MS system (4000QTRAP, AB SCIEX, Washington DC, USA) in the MRM mode with a positive ESI source. The calibration curve was linear over the range of 0.1-50 μg/mL, and the correlation coefficient (r) was > 0.995.
The coefficient of variation (CV) represents the overall precision of the assay of the three study drugs, which was < 20.0% for the lower limit of quantification (LLOQ) and 15.0% for other upper concentrations for calibration.
PK assessment
PK parameters were evaluated using a non-compartmental model of Phoenix WinNonlin® software (version 6.4; Certara, St. Louis, MO, USA). The peak concentration (C max ) and T max were determined directly from the observed values. The area under the curve from the time of dosing to the last measurable concentration (AUC last ) was calculated using the linear trapezoidal rule. The terminal elimination rate constant (λ z ) was estimated by the linear regression analysis of the terminal portion of the log-transformed plasma concentrationto-time profile. The elimination half-life (t 1/2 ), apparent plasma clearance (CL/F), and apparent volume of distribution (Vd/F) were calculated using the following equations t 1/2 = ln(2)/λ z , CL/F = dose/AUC inf , and Vd/F = dose/(λ z · AUC inf ), respectively. The AUC of the last dosing time extrapolated to infinity (AUC inf ) was calculated using the formula AUC last + C last /λ z , where C last represents the last measurable concentration. The PK drug interactions after triple therapy were evaluated by comparing the plasma concentration-time profiles and PK parameters of each drug.
Safety assessment
Safety and tolerability were evaluated throughout the study. The assessments included monitoring of all adverse events (AEs) based on physical examinations, vital signs, 12-lead ECG, routine haematology, serum chemistry, and urinalysis. The subjects were instructed to notify the study physicians or nurses of any AEs that occurred during the study. All AEs reported by subjects or detected in the assessments were recorded, and the investigators determined their relationship to the treatment. The severity of the AEs was evaluated based on the Common Terminology Criteria for Adverse Events (CTCAE, version 4.03).
Statistical analysis
Because this study was explorative and sought to evaluate the PK interactions of the study drugs, it was deemed preferable to use minimum number of subjects. Considering that the power of the parallel study design would be insufficient compared with that of the crossover design, the minimum number of subjects was estimated to be 28, consisting of 14 subjects/per part, and the total number of subjects was 32 (16 subjects/part) under the assumption of a potential drop-out rate of 15%. Descriptive statistics were calculated for baseline demographics, PK parameters, and safety data by part. Baseline demographics of the treatment sequences were evaluated using the Student's t test using the SAS statistical software version 9.4 (SAS Institute Inc. Cary, NC, USA). To compare the PK parameters (C max , AUC last , and AUC inf ) between treatments, a general linear mixed effects model was constructed using log-transformed data with treatment as the fixed effect and variance within subjects as a random effect. The geometric least squares mean ratio (GMR) and the 90% confidence interval (CI) of the C max , AUC last , and AUC inf between the two different treatments of each part were determined. All statistical analyses were conducted using SAS® version 9.4. All statistical tests were two-sided, and a P < 0.05 was considered statistically significant.
Results
Baseline demographics
A total of 34 subjects were enrolled in this study. Two subjects were dropped before the investigational products were administered because of clinical laboratory test results, and 32 subjects received the investigational products. Each part consisted of 16 subjects, and two subjects were dropped during period 1 because they matched an exclusion criterion (smoking during the PK assessment period) and one was dropped after period 1 owing to herpes zoster in part 1 (in all, three subjects were dropped). One subject was dropped during period 1 because of smoking in part 2. Thus, 28 subjects completed the study and were included in the PK analysis. In contrast, 32 subjects who were administered at least one dose of any investigational product were included in the safety analysis. The demographic information of the study subjects is presented in Supplementary Table 1 .
Pharmacokinetics
The mean plasma concentration-time profiles of ilaprazole, clarithromycin, and amoxicillin are shown in Figs. 2, 3 , and 4. The PK parameters of each study drug and the point estimate with the 90% CI of the GMR of triple therapy to monotherapy or dual therapy are summarised in Table 1 .
The mean C max values of ilaprazole administered as part of the triple therapy compared to the monotherapy were 446 and 479 ng/mL, and the mean T max values were 3.0 and 3.5 h after dosing, respectively. The corresponding mean AUC last values was 3538 and 3301 ng·h/mL, and the mean AUC inf values were 3681 and 3393 ng·h/mL, respectively. Although the C max of ilaprazole slightly decreased and the AUC last slightly increased with the triple therapy, those changes were not statistically significant.
The mean C max of clarithromycin was 1.72 and 1.87 μg/ mL with the triple and dual therapies, respectively. The mean T max , AUC last , and AUC inf values of the triple and dual therapies were 2.5 and 2.0 h after dosing, 16.5 and 14.6 μg·h/mL, and 16.9 and 15.0 μg·h/mL, respectively. Similar to the changes in PK data of ilaprazole, the C max of clarithromycin slightly decreased, and the AUC last slightly increased; however, the changes were not statistically significant.
For amoxicillin, the mean C max values of amoxicillin were 8.14 and 9.37 μg/mL with the triple and dual therapies. Furthermore, the corresponding mean T max , AUC last , AUC inf values for the triple and dual therapy were 2.0 and 1.5 h after dosing, 26.7 and 27.9 μg·h/mL, and 27.4 and 28.5 μg·h/mL, respectively. The C max and AUC last of amoxicillin slightly decreased with the triple therapy. However, the changes were also not statistically significant.
All three drugs were determined not to be significantly affected by the triple coadministration, because the changes in PK data of each drug were clinically and statistically insignificant.
Safety assessment
A total of 35 AEs were reported by 20 subjects (62.5%), and they are summarised in Table 2 . Nine of them (28.1%) were considered to be related to the study drugs, Abbreviations: T max , time to C max ; C max , the maximum concentration of drug; AUC last , area under the plasma concentration-time curve from the time of dosing to the last measurable concentration; AUC inf , area under the plasma concentration-time curve from dosing time extrapolated to infinity; t 1/2 , elimination half-life; CL/F, apparent clearance; Vd/F, apparent volume of distribution; monotherapy, administration of ilaprazole 10 mg in period 1 of part 1; dual therapy, administration of clarithromycin 500 mg and amoxicillin 1000 mg in period 1 of part 2; triple therapy, administration of ilaprazole 10 mg, clarithromycin 500 mg, and amoxicillin 1000 mg in period 2 of both part 1 and part 2; GMR, geometric mean ratio; CI, confidence interval a Geometric mean ratio of triple therapy to monotherapy or dual therapy and there was no drug-related AE when subjects received ilaprazole alone. The incidence of drug-related AEs increased with the administration of the triple therapy in each part, but it was not clinically significant since the symptoms were mild and transient. There were no serious AEs, and all subjects recovered without complications. There were no clinically significant differences in vital signs, physical examinations, laboratory tests, and other observations related to safety in both parts. The AEs reported after the administration of the investigational products were generally consistent with the known safety profiles of ilaprazole, clarithromycin, and amoxicillin.
Discussion
This study showed that there were no significant PK drug interactions between clarithromycin or amoxicillin and ilaprazole. Based on the results from in vitro studies that ilaprazole is mainly metabolised by CYP3A4 among CYPisofoms, our result demonstrating that clarithromycin showed no significant drug interaction with ilaprazole poses a question. However, it does not negate that clarithromycin influences the metabolism of ilaprazole. In our result, the exposure and elimination of ilaprazole were slightly affected by the triple therapy. The AUC last slightly increased, the half-life was slightly prolonged, and the clearance (CL/F) was slightly reduced, although those findings were not of a statistical significance. It suggests that the metabolism of ilaprazole might be influenced by clarithromycin, but within a small extent. The influence of clarithromycin on the exposure of ilaprazole could be limited if another metabolic pathway (e.g. nonenzymatic pathway) plays a considerable part in the metabolism of ilaprazole. Although we did not measure the concentration of metabolites in this study, previous studies revealed that ilaprazole sulfone and thiol ether were detected in comparable amounts when ilaprazole was administered to human [20, 21] . This implies that non-enzymatic pathway might not be minor. Taken together, these results led us to speculate that clarithromycin might affect the metabolism of ilaprazole, but Notes: Data are presented as the number (%) of subjects with adverse events or adverse drug reactions Abbreviations: monotherapy, administration of ilaprazole 10 mg in period 1 of part 1; dual therapy, administration of clarithromycin 500 mg and amoxicillin 1000 mg in period 1 of part 2; triple therapy, administration of ilaprazole 10 mg, clarithromycin 500 mg, and amoxicillin 1000 mg in period 2 of both part 1 and part 2 a A total of 5 subjects showed adverse events in both treatment groups in each part b Two subjects developed adverse drug reactions in both treatment groups in the relevant part c One subject developed adverse drug reaction in both treatment groups in the relevant part its influence was limited, because ilaprazole could be metabolised by non-enzymatic pathway. Regarding drug interaction in the absorption of ilaprazole, a previous study by Cao et al. reported that the C max and the AUC of ilaprazole and ilaprazole sulfone significantly decreased following the triple therapy, while ilaprazole thiol ether, another metabolite of ilaprazole, did not change [20] . Cao et al. speculated that the decrease in absorption of ilaprazole was the mechanism of their result, because the half-life and the clearance of ilaprazole were not affected. However, we could not identify a significant decrease in the absorption of ilaprazole in our study, although its C max slightly decreased. We suggest that follow-up studies are needed to validate the influence of clarithromycin or amoxicillin on the absorption of ilaprazole.
Proton pump inhibitors may also have an inhibitory effect on CYP3A4 activity and increase the exposure of drugs metabolised mainly by CYP3A4 [11] . However, this effect varies among PPIs. It has been revealed that omeprazole and lansoprazole increase the exposure of clarithromycin when coadministered [8, 9] . Pantoprazole was shown to be a competitive inhibitor of CYP3A4 via in vitro study, but the metabolic pathway has not yet been demonstrated in human studies [11] . Rabeprazole did not show any inhibitory effect on CYP isoforms, but the non-enzymatically formed metabolite of rabeprazole, rabeprazole thioether, was revealed to have an inhibitory effect on CYP2C9, CYP2C19, CYP2D6, and CYP3A4 [28] . However, the plasma concentration of clarithromycin was largely unchanged by combination therapy with esomeprazole [10] . As in the case of esomeprazole, the exposure of clarithromycin was not significantly affected by ilaprazole in our study.
In addition to the anti-acid secretory effect, PPIs are considered to enhance the anti-H. pylori activities of concomitantly administered amoxicillin and clarithromycin in H. pylori eradication therapy. It has been demonstrated that PPIs enhance the stability of acid-labile antibiotics (e.g. penicillins) by increasing the gastric pH [12] . Based on this finding, it has been speculated that PPIs may increase the bioavailability of amoxicillin in triple therapy [11] . Despite this prediction, there are no reports that demonstrate any significant changes in the exposure of amoxicillin in the drug interaction studies between amoxicillin and PPIs [9, 10, 20, 29, 30] . Our result also showed no clinically significant changes in the exposure of amoxicillin except a slight decrease in the C max (GMR, 0.86; 90% CI, 0.74-1.01). It would be difficult to demonstrate further increase in amoxicillin exposure by increasing pH, considering already high bioavailability of amoxicillin (89-98%) [31] and the single dosing of amoxicillin in our study.
Although someone might speculate that the PK interactions between PPIs and clarithromycin resulting in increased exposures of both drugs may contribute to higher eradication rates [20] , drug interactions causing excessive exposure may be detrimental to defining the appropriate dosage regimen and may result in undesirable increases in adverse events. In this respect, our results support that ilaprazole, the exposure of which is only minimally influenced by coadministration of clarithromycin and amoxicillin, may have advantages over other PPIs to be used in triple therapy regimen.
Taken together, the results of our study indicate that there were no clinically significant PK drug interactions between clarithromycin, amoxicillin, and ilaprazole. Thus, the standard triple therapy with ilaprazole could be a desirable treatment option for H. pylori eradication. The limitation of our study is that the subjects were limited to healthy male Korean population. Because there are relevant ethnicity-related differences in PPI metabolism [32] , further studies are required to evaluate whether there is an ethnicity-or sex-related difference in the drug interactions of ilaprazole.
Conclusions
The coadministration of ilaprazole, clarithromycin, and amoxicillin was tolerable and did not cause a significant PK drug interaction. Thus, a triple therapy regimen comprising ilaprazole, clarithromycin, and amoxicillin may be an option for the eradication of H. pylori.
